We report the temperature-pressure-magnetic field phase diagram made from electrical resistivity measurements for the ferromagnetic (FM) Kondo lattice CeRuPO. The ground state at zero field changes from the FM state to another state, which is suggested to be an antiferromagnetic (AFM) state, above ∼ 0.7 GPa, and the magnetically ordered state is completely suppressed at ∼ 2.8 GPa. In addition to the collapse of the AFM state under pressure and a magnetic field, a metamagnetic (MM) transition from a paramagnetic state to a polarized paramagnetic state appears. CeRuPO will give us a rich playground for understanding the mechanism of the MM transition under comparable FM and AFM correlations in the Kondo lattice.
The metamagnetic (MM) transition in correlated electron systems has been an interesting subject related to magnetic instability and Fermi surface instability. An excellent example is the heavy-fermion system CeRu 2 Si 2 and doped systems. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In the antiferromagnetic (AFM) system with Rh, La, and Ge doping, a magnetic field suppresses the ordered phase in the critical field, inducing the MM transition. [2] [3] [4] [5] [6] [7] Even in the absence of the AFM phase, if the system is located close to the AFM instability, the proximity of the AFM critical field yields the MM transition. In addition to the field evolution of the AFM correlation, the presence of the ferromagnetic (FM) correlation also plays a vital role in the MM transition in CeRu 2 Si 2 , 8 and the FM state is realized on the Ge-rich side in CeRu 2 (Si,Ge) 2 .
6, 7 Another key factor for the MM transition is a change in the Fermi surface related to the breakdown of the Kondo effect. If the Kondo temperature T K is low, a magnetic field corresponding to T K can quench the Kondo effect, inducing the MM transition. The interpretation of the change in the Fermi surface is still a subject of debate. 9, 10 In Rh-doped CeRu 2 Si 2 , a clear separation of two MM transitions demonstrates the presence of two mechanisms for the MM transition.
11 On the other hand, in the system with the FM instability, the MM transition from the paramagnetic (PM) state to the FM state is realized because of strong FM correlations. If the system has a tricritical point (TCP) where the second-order phase transition at Curie temperature T C changes into the first-order phase transition, a wing structure of the first-order MM transition appears in the pressure(P )-temperature(T )-magnetic field(H) phase diagram.
12, 13 Such a phase diagram can be explained in the framework of itinerant FM systems and has been confirmed in 5f systems such as UGe 2 14, 15 and UCoAl
16
and 3d systems such as ZrZn 2 .
17
CeRuPO is a rare example of the FM Kondo lattice among 4f electron systems. 18, 19 Its FM ordered moments are aligned along the c-axis in the tetragonal structure below T C = 14.5 K, although a larger magnetization is induced along the ab plane in high-temperature or high-field regions owing to the effect of a crystal electric field (CEF). 19 The Kondo effect has been confirmed in resistivity, specific heat, and thermoelectric power measurements.
18 Therefore, the FM ordered state is expected to be suppressed by some tuning parameter as in the case of AFM Kondo lattices. In fact, Kitagawa et al. have found that the substitution of Ru by Fe suppresses T C towards 0 K, 20 although they have interpreted that the suppression of the FM state is not induced by the enhancement of the Kondo effect but by the change in the dimensionality of magnetic correlations. 21 In this substitution system, it has been reported that an FM quantum critical point (QCP) appears without a distinct signature of the TCP. The MM crossover in the PM regime is found under the magnetic field along the ab plane.
20, 22
On the other hand, the use of a pressure application is a promising way to suppress the ordered state without giving much inhomogeneity. Macovei et al. have performed a resistivity measurement under pressure of up to ∼ 2.3 GPa, confirming the suppression of the ordered state.
23
They estimated the critical pressure of the FM instability to be ∼ 3.2 GPa from the extrapolation of the phase diagram, although they did not attain it. The aims of this study are to determinate the phase diagram in a higher pressure region and to search for the MM transition in CeRuPO. This will give us a good opportunity to obtain the P −T −H phase diagram for the 4f FM Kondo lattice in contrast to more itinerant 5f and 3d systems, as well as to understand the magnetic character of CeRuPO.
Single crystals of CeRuPO and CeFePO were prepared by the Sn-flux method described in Ref. 19 . Current was made to flow along the ab plane to measure the electrical resistivity ρ, and the measurements under magnetic field were performed in the longitudinal configuration for H ab. An indenter-type pressure cell and Daphne7474 as the pressure-transmitting medium were utilized for pressure experiments. 24, 25 The pressure at a low temperature was estimated using a Pb manometer. seen at approximately 30 K once decreases with increasing pressure and then increases above 1 GPa, as in a previous report. 23 T C decreases gradually with increasing pressure, and a successive anomaly appears at 0.98 GPa as indicated by two types of arrow in Fig. 1(b) . The clear hysteresis convinces us that the second anomaly is a first-order phase transition (not shown). The successive transition is seen in a narrow pressure region and only one transition is observed above 1.10 GPa. As shown in Figs. 1(b) and 1(c), the transition temperature above 1.10 GPa also decreases with increasing pressure, and the anomaly disappears above 2.80 GPa. The inset in Fig. 1(a) shows a comparison between CeRuPO under pressure and CeFePO. CeRuPO at 2.80 GPa and CeFePO are both located close to the magnetic instability. 20, 26 In CeRuPO at 2.80 GPa, ρ(T ) starts to decrease below ∼ 100 K and shows a sharp decrease again below ∼ 10 − 15 K. The anomaly at high temperature is considered to originate from the combination of the Kondo effect and the CEF splitting, 23 and the shoulder at low temperature is attributed to the development of a coherent Kondo state. The characteristic coherent temperature T * was estimated from a kink in
and is indicated by arrows in the inset. The T * ∼ 10 K estimated for CeFePO is somewhat higher than the characteristic temperature T max ∼ 5 K determined from the nuclear spin relaxation rate. 22 The T * for CeRuPO at 2.80 GPa is slightly higher than the T * for CeFePO, and T * increases with increasing pressure, which is the typical behavior observed in the Kondo lattice. Figure 2(a) shows the P − T phase diagram for CeRuPO at zero field. The successive transition was observed in a narrow pressure region close to 1 GPa. The discrete jump of the residual resistivity ρ 0 suggests that the ground state changes from the FM state to another at approximately 0.7 GPa. The second phase under pressure is separated from the FM state by a first-order transition. As shown in Fig. 3(a) , the temperature of transition into the second phase clearly decreases under the magnetic field along the ab plane. This is in sharp contrast to the FM state at ambient pressure, where the transition temperature increases with increasing field for both H ab and H c. 19 The suppression of the ordered phase under the magnetic field suggests that the second phase is not an FM phase but an AFM phase. In fact, our 31 P-NMR measurement under pressure shows a clear splitting of the NMR spectrum in the second phase. This demonstrates the occurrence of the magnetic sublattice. Therefore, we denote the second transition temperature as T N and the second phase as the AFM phase. The detailed results of NMR measurements under pressure will appear in a separate paper. Further pressure application completely suppresses the AFM state at approximately 2.8 GPa, accompanied by an increase in T * . The decrease in ρ 0 above ∼ 2.8 GPa indicates that high ρ 0 is inherent in the AFM phase, and that the hump anomaly at T N for 2.70 GPa is likely to originate from the increase in ρ 0 [see Fig. 1(b) ]. We cannot determine whether the transition near 2.8 GPa is of first order or second order, but the phase diagram indicates that CeRuPO possesses the AFM instability under pressure. This stands in contrast to the substitution system Ce(Ru,Fe)PO, where the FM state is suppressed continuously toward 0 K. 20 In Ce(Ru,Fe)PO, it has been reported that q = 0 magnetic fluctuations develop accompanied by the suppression of the FM correlations, although the long-range ordering with a q = 0 wave number is not realized. 20 In contrast, the AFM ordered state is realized in CeOsPO. 18 These results imply that both FM and AFM correlations are present in these related systems and two correlations compete with each other in CeRuPO. The A coefficients, which are estimated from ρ = ρ 0 + AT 2 in the temperature range of 1.5 − 2 K (closed triangle) and 0.4 − 1.4 K (open triangle), are shown in Fig. 2(b) . A has a strong enhancement near 2.8 GPa, indicative of the quantum criticality. When we estimated the power n in ρ = ρ 0 +A ′ T n , it was ∼1.7 for 2.80 and 3.02 GPa by the fitting in the temperature range of 0.4 − 1.4 K. Figures 3(a)-3(d) show the temperature dependences of ρ at different magnetic fields, which are applied along the ab plane. The insets show the T -H phase diagrams at each pressure. At 2.00 GPa, the T N of 6.6 K decreases with the field application as mentioned above. The kink at T N can be observed up to 6 T, but it smears out and disappears above it. The transition temperature determined by T -sweep measurements is shown by squares in the inset, whereas the anomaly that appears in the H-sweep measurements is shown by triangles in the phase diagram. The H-sweep data at ∼ 1.4 K are shown in Fig. 4 . The obtained phase diagram in the inset of Fig. 3(a) suggests that the AFM state is suppressed at ∼ 6.5 T. At 2.35 GPa, T N first slightly decreases with increasing field, but the anomaly changes from a kink into a hump above 4 T. The characteristic temperature of the hump is determined by the dip in d 2 ρ/dT 2 and denoted by T 0 . T 0 increases with increasing field and the anomaly smears out at a higher magnetic field. The increase in T 0 under a magnetic field is more pronounced at 2.70 GPa. A simple consideration about free energy tells us that the increase in magnetization triggers the emergence of a high-field state, analogous to the case of conventional FM transition. This field-induced phase appears even at 2.82 GPa where the AFM state is completely suppressed, indicating that the field-induced phase is not a spin-flopped AFM phase. The smearing of the anomaly at T 0 under a high field, shown in Fig. 3(b) , suggests that the ground state below T 0 is connected with the PM state by a crossover with the same symmetry; consequently, it should be assigned to be a polarized paramagnetic (PPM) state. 
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In the PM region at 2.82 and 3.13 GPa, a broad peak appears at the magnetic field denoted by H m , above which the anomaly at T 0 appears. Figure 4(b) shows the field dependences of ρ for 2.82 GPa at different temperatures.
The anomaly at H m shifts clearly to a higher field with increasing temperature. Unfortunately, the estimation of the field evolution of the A coefficient was difficult owing to the presence of the hump anomaly at T 0 . Measurements at much lower temperatures are required for accurate estimation. The AFM phase appears under pressure, and it is suppressed by applying further pressure and the magnetic field. In the high-pressure region, the MM transition into the PPM state appears, where the magnetic moments are conjectured to align along the ab plane. The inset shows the pressure dependences of T * and Hm. Figure 5 shows the P − T − H phase diagram for CeRuPO. CeRuPO has neither FM QCP nor FM TCP because of the emergence of the AFM phase, but shows the MM transition into the PPM state. The broad maximum in ρ(H) at H m indicates that the MM transition is a crossover.
The MM transition near the AFM instability is reminiscent of the MM transition in doped CeRu 2 Si 2 .
2-5, 7, 11
In this situation, two kinds of MM transition at H c and H m are smoothly connected with changing parameters such as pressure or doping level, but that in the case of CeRuPO seems to differ from it. The MM transition is observed similarly in CeFePO. 22 It has been pointed out that the MM transition in CeFePO originates from the breakdown of the Kondo effect from the good scaling between the temperature of the susceptibility maximum, T max , and H m in various heavy-fermion compounds.
21
This indicates that the energy scales of Kondo temperature and H m are comparable in CeFePO. The H m ∼ 4.6 T for CeRuPO at ∼ 2.8 GPa is slightly higher than the H m ∼ 4 T for CeFePO, and T * is also slightly higher in CeRuPO, as shown in the inset of Fig. 1(a) . This means that the energy scales of the Kondo effect and the MM transition are comparable even in pressurized CeRuPO. As shown in the inset of Fig. 5 , however, H m increases more steeply with pressure application than T * , indicating that these MM transitions cannot be explained by the Kondo breakdown scenario solely in CeRuPO. It is conjectured that the presence of the FM correlation is an essential factor to induce the MM transition as well as for other itinerant FM systems.
14-17 It will give good information on the MM mechanism whether or not H m shows good scaling with the susceptibility maximum (not T max ).
27
To summarize, the electrical resistivity measurements revealed that pressurized CeRuPO shows a rich phase diagram with the switching of the magnetic ground state at zero field and the MM transition into the PPM state. The comparison between T * and H m suggests that the energy scales of the Kondo effect and the MM transition are comparable in CeRuPO, but that the MM transition does not originates from only the breakdown of the Kondo effect. The FM interaction is suggested to be an important factor for the MM transition, whereas the presence of the AFM instability indicates that the field evolution of the AFM interaction is also a considerable factor. The key issue in the novel MM transition in CeRuPO is the interplay among the FM correlation, AFM correlation, and Kondo effect.
